Abstract Scale and frequency of changes in a lake's physical structure, light dynamics, and availability of nutrients are closely related to phytoplankton ecology. Since phytoplankton assemblages were first described, phytoplankton ecologists concluded that these assemblages provide insight into phytoplankton responses to environmental changes. Objectives of this study were to investigate ecology of phytoplankton during a complete hydrological cycle in the deepest natural lake in Brazil, Dom
Introduction
Evolutionary ecology of phytoplankton is related to major features of aquatic ecosystems (physical structure, light dynamics, availability of nutrients, and interspecific interactions), to frequency, and to scale with which these features alter (Reynolds, 1993) . Since phytoplankton assemblages with their physiological, morphological, and ecological attributes were first presented and expanded (Reynolds, 1997a (Reynolds, , 2000 Padisák & Reynolds, 1998; Reynolds et al., 2002; Padisák et al., 2003b) , phytoplankton ecologists applied this approach. Assemblages are subject to opportunities provided stochastically and use of these opportunities is influenced by system memory , therefore, there has been an increasing tendency to agree that assemblages provide better insight into phytoplankton responses to environmental changes than individual species or taxonomic groups of traditional analyses Kruk et al., 2002; Padisák et al., 2006; Naselli-Flores et al., 2007; Salmaso & Padisák, 2007) .
Conservation of Brazilian Atlantic Forest, acknowledged as one of the world's most diverse and threatened biomes, received high scientific and conservational priority (Myers et al., 2000) , however, detailed considerations of its aquatic environments are scarce (Barbosa, 1994) . Dom Helvécio Lake is the deepest natural lake in Brazil and the biggest one inside the largest remnant of the Brazilian Atlantic Forest in Minas Gerais state (Rio Doce State Park). It is classified as a tropical oligotrophic lake (de Meis & Tundisi, 1997) , although frequent alternations of its trophic status were noted during recent past. Moreover, it is one of the best studied lakes within the middle Rio Doce Lake District (South-East Brazil), being focus of a Long Term Ecological Research project, Brazil-LTER, site # 4, since 1999 (Barbosa et al., 2004) .
Importantly, it has been pointed out by Barbosa & Padisák (2002) , that Dom Helvécio, a warm-monomictic lake, presents a particular stratification pattern, atelomixis, a diurnal mixing restricted to the epilimnion. More explicitly, and according to Gunkel & Casallas (2002) , the term atelomixis is used for lakes in which partial mixing processes, during stratification periods, lead to complex stratification and multiple thermoclines. This complex stratification pattern is a driving force upon phytoplankton community structure and the determinant role of atelomixis has been explored in some other tropical and subtropical systems in Brazil (Bouvy et al., 2003; Lopes et al., 2005; Becker et al., 2008) .
Basic phytoplankton composition of Dom Helvécio Lake has been described (Forte-Pontes, 1980; Reynolds, 1997b; Barbosa & Padisák, 2002; Padisák et al., 2003a; Borics et al., 2005) , and pronounced seasonal changes on this tropical system, as presented by Melack (1979) , have also been shown, with desmids and filamentous cyanobacteria being most dominant in different seasons (Barros et al., 2006) . However, so far, no one has applied phytoplankton assemblages approach to any limnological data from any ecosystem in the middle Rio Doce Lake District. For instance, following mentioned seasonality in Dom Helvécio, it is reasonable to expect based on Reynolds et al. (2002) , that N assemblage (one group with desmids) and S2 assemblage (one group with cyanobacteria) can be most dominant in different seasons in this lake. It is of our view that further use of this system might offer a more comprehensive account of why these groups present this dynamics in Dom Helvécio Lake, than what has been done up to now.
Objectives were to investigate ecology of phytoplankton during a complete hydrological cycle of Dom Helvécio Lake in order to evaluate its plankton dynamics, to detect temporal trends, and to sort species into the list of assemblages proposed by Reynolds et al. (2002) , checking its accordance with environmental changes in a tropical ecosystem within the middle Rio Doce Lake District.
Materials and methods
Dom Helvécio Lake has dendritic shape, is surrounded by dense secondary forest and is the largest lake (6.87 km 2 ) and the deepest one (maximum depth of 32.5 m; mean depth of 12.1 m) located at an altitude of 300 m a.s.l., in the middle Rio Doce Lake District, formed by a landslide about 12,000 years ago (de Meis & Tundisi, 1997; Henry et al., 1997 Tundisi, 1997) . It is stratified between September and April and basically isothermal from May to August (Henry & Barbosa, 1989; Barbosa, 1997) . Local climate is tropical semi-humid with average temperatures around 25°C and with 4-5 months of dryness (Tundisi, 1997) when temperatures around 18°C characterize the coldest months.
One open-water station for sampling was defined at the deepest spot of Dom Helvécio Lake. Samples were collected monthly with a van Dorn bottle at subsurface (100% of incident light), Secchi depth (15% of incident light) and three times Secchi depth (1% of incident light), during 2002. Percentage of incident light was estimated according to measurements with Secchi disk (Cole, 1983) and verified with a radiometer. Vertical profiles of water temperature, pH, and electric conductivity were measured with a Horiba multi probe sensor. Stability of stratification of each month (Cole, 1983) was calculated using density tables from Hutchinson (1957) . Mixing zones (z mix ) were identified from temperature profiles. Ratio of euphotic zone (z eu ) to mixing zone (z mix ) was used as an index of light availability in the mixing zone (Jensen et al., 1994) . Daily measurements (10 days before each sampling) of air temperature (mean, maximum, and minimum), precipitation, and wind velocity were provided by a meteorological station about 50 km distant from the State Park.
Total phosphorus (TP), soluble reactive phosphorus (SRP: P-PO 4 -3 ), total nitrogen (TN), dissolved inorganic nitrogen (DIN: N-NO 3 -, N-NO 2 -N-NH 4 + ), and soluble reactive silicate (SRSi) were measured according to Golterman et al. (1978) , Koroleff (1976) and Mackereth et al. (1978) .
Phytoplankton samples were preserved with Lugol's iodine solution and at least 400 specimens (settling units) of the most frequent species were enumerated (species-specific counting error for these species B10%; Lund et al., 1958) using an inverted microscope (Utermöhl, 1958) . Algal biovolumes were approximated by geometric shapes of cells (Edler, 1979) using ALGAMICA software (Gosselain & Hamilton, 2000) . Biovolume data were transferred to biomass (fresh weight) supposing a specific gravity of 1 mg mm -3 and cell size was calculated as total biovolume/total density. Minimum of 5% contribution to total biomass was required for considering a species as dominant (Padisák et al., 2003b) . Taking into account oligotrophy of Dom Helvécio Lake, 200 l of water from each sampled depth were pumped in low speed (0.5 l s -1 ) and concentrated with a net (68 lm) for zooplankton analysis. Organisms were colored with Bengal rose, fixed with 4% formaline, and then counted in Sedgewick-Rafter chambers (Bottrell et al., 1976) .
Periods of phytoplankton succession were identified according to variations of phytoplankton biomass, composition, and average cell volume. Differences among months and periods, related to size of organisms and desmid forms, were assessed by nonparametric Kruskal-Wallis test using data from samples at 100%, 15% and 1% of incident light as replicates of each month. Differences between periods related to climatologic variables of Rio Doce State Park Region (values from 10 days before each sampling), and of abiotic and biotic environment variables (values from samples at 100%, 15% and 1% of incident light) were assessed by parametric t-test (two-sided, independent samples) or nonparametric Mann-Whitney U-test (two-sided), depending on normal distribution of data and equality of variances. Differences among rainy trimesters and six dry months, related to wind velocity and stability of stratification, were assessed by ANOVA or nonparametric Kruskal-Wallis test, depending on normal distribution of data and equality of variances. Canonical Correspondence Analysis (CCA) was performed using Canonical Ordination software (CANOCO version 4; Ter Braak & Šmilauer, 1998) to ordinate phytoplankton data from different periods with environmental and biological variables. These variables were selected after Monte Carlo permutations in order to run the analysis. Statistical significance of the first axis was evaluated and for the second axis same test was applied with main vectors correlated with the first axis as co-variables.
Results
During rainy months, January to March and October to December, mean, maximum, and minimum temperatures of air, temperature of water, and precipitation increased (Tables 1, 2 ). Wind velocity (Table 1) presented higher values during dry months (Apr-Sep), and during the second rainy trimester than in the first one (Kruskal-Wallis H (2, 120) = 19.15; P \ 0.001), thus presenting no difference between periods ( Table 2) . Seasonality of temperature, backed up by decrease of wind velocity, resulted in lower stability of stratification during dry months (Table 2) , and although higher values were calculated for the first rainy trimester (Fig. 1) , there was no substantial difference between rainy trimesters (F (2, 12) = 3.8; P \ 0.10). Seasonality was clear for stability of stratification, whereas depths of euphotic zone did not show large changes (Fig. 1 ). Mixing zone depths followed thermal stability and began to extend in April reaching deepest values (mixing down to the bottom of the lake) in August and September. Ratio of z eu /z mix showed higher values, indicating better light conditions, in the stratified summer than in the isothermal winter (Tables 1, 2) .
During dry months, electric conductivity and TP concentration increased. Ratio of TN:TP, SRP, and pH also varied seasonally with higher values during stratification than during mixing but no major changes between periods were recorded for TN and DIN concentrations, including for soluble forms N-NO 2 -and N-NH 4 + . During dry months, SRSi and N-NO 3 -were higher than in rainy ones (Tables 1, 2 ). Peaks of total densities of zooplankton and phytoplankton were observed in May (Fig. 2a, b) . Total density of zooplankton was higher in dry months, whereas total density of phytoplankton did not show variation between periods (Table 2 ). Seasonal pattern of phytoplankton biomass was close to unimodal ( Fig. 2c ) with annual average of 6 mg l -1 , with higher values during dry months (Table 2) , when maxima occurred in May (11 mg l -1 ), June (29 mg l -1 ), and August (15 mg l -1 ). Copepoda and Rotifera were the most abundant groups of zooplankton and their clear replacement was observed. Copepods prevailed between Apr-Sep while rotifers dominated from Jan-Mar and Oct-Dec (Fig. 3a , Table 2 ). Dominant groups of phytoplankton were Zygmemaphyceae, Cyanobacteria, and Chlorophyceae. Similar two periods were identified according to changes in phytoplankton biovolume ( Fig. 3b ) and species composition. High contribution of desmids was observed during rainy/stratified months (Jan-Mar and Oct-Dec), corresponding to the first period. High contribution of Cyanobacteria, diatoms, chlorophyceans, and dinoflagellates was observed in dry/mixing months (Apr-Sep), corresponding to the second period. Phytoplankton cells (Fig. 4) were bigger in the second period than in the first one (Kruskal-Wallis H (11, 36) = 26.63; P \ 0.01).
A total of 95 taxa were counted and 65 contributed to more than 98% of total density, however, only 14 contributed to 70-98% of total biomass and 11 represented dominant assemblages of each month. Phytoplankton assemblages' replacement throughout the year was evident (Table 3) . First period was characterized by dominance of assemblage F (Botryococcus braunii Kützing) and desmid assemblages mainly represented by Staurastrum smithii (G. M. Smith) Teiling, during Jan-Mar, and by Cosmarium contractum Kirchner and Staurodesmus incus (Brébisson) Teiling, during Oct-Dec. Second period was characterized by dominance of assemblages S2 (Lyngbya sp. and Planktolyngbya sp.), X1 (Chlorella sp.), A (Urosolenia longiseta Zacharias), and L O (Peridinium inconspicuum Lemmermann), during Apr-Sep. Throughout the year, Cosmarium asphaerosporum Nordstedt and Closterium moniliferum (Bory) Ehrenberg, two desmids, and Gymnodinium sp., one dinoflagellate, were recognized as subdominants (not present in Table 3 ).
Desmid species were separated according to their morphological complexity to analyze temporal replacement within the most species-rich group. Forms without ''arms'' or with short ones were considered ''simple forms'' (e.g., Cosmarium) and those with long projections or processes were considered as ''complex forms'' (e.g., some Staurastrum). Divergence between relative abundance of simple and complex forms of desmids was observed within the first period, before and after mixing of the lake (Fig. 5) . Complex forms (Kruskal-Wallis H (2, 36) = 20.53; P \ 0.001) were more abundant during Jan-Mar, while simple forms (Kruskal-Wallis H (2, 36) = 11.10; P \ 0.01) were more abundant during Oct-Dec.
CCA model (Fig. 6 ) added eight abiotic variables and density of copepods and rotifers as vectors. First two axes explained 82% of variance of biological data (Table 4) . Monte Carlo permutation test with vectors water temperature, TP, SRP, TN:TP ratio, and N-NO 3 -showed statistical significance (P \ 0.05). Other variables such as pH, conductivity, SRSi and density of copepods and rotifers also contributed to species- (Table 5 ) and, therefore, were also added. Stratified and mixing periods were clearly separated, as well as their dominant phytoplankton assemblages, by both axes. Speciesenvironment correlation for axes 1 and 2 were high (Table 4) indicating agreement between the two matrixes and corroborating results outlined above.
Discussion
Physical structure of Dom Helvécio Lake is characterized by two major events, and both are driven by climatic regime. One of these events operates at seasonal scale dividing the year into a stratified period (rainy months: October-March) and nonstratified period (dry months: Apr-Sep), therefore, Dom Helvécio Lake is categorized as warm-monomictic. The other event occurs daily and is driven by high day/night water temperature differences, already shown in Barbosa & Padisák (2002) , and described originally by Lewis (1978) as atelomixis. Atelomixis is one robust water movement occurring once a day (during night) and extending either to whole water column (dry period-full atelomixis) or is restricted to epilimnion (rainy period-partial atelomixis). Similar seasonality was described for other tropical lakes (Figueredo & Giani, 2001; Tavera & Martínez-Almeida, 2005; Townsend, 2006) , and its ecological relevance was discussed in detail by Barbosa & Total density of phytoplankton (ind ml
Total biomass of phytoplankton (mg l Padisák (2002). Most essential environmental variables (P, N) and descriptors of phytoplankton development (species composition, dominant assemblages, and average cell volume) clearly followed the seasonal pattern except for the peak of phytoplankton biomass at the beginning of full mixing, which was probably due to resuspension of cells that sank to the hypolimnion during preceding stratification period and partly to new growth as consequence of increased nutrient availability. This peak of plankton biomass and annual average, however, remained low when compared to other tropical lakes (e.g., Huszar et al., , 2000 as well as to temperate ones (e.g., Huszar & Caraco, 1998; Naselli-Flores & Barone, 1998) . Meteorological conditions are considered to govern phytoplankton dynamics in temperate regions (Reynolds, 1984) . Tropical lakes are traditionally considered as ecosystems exposed to low climatic variability, therefore, as ecosystems supporting uniform assemblages which may persist for years (Melack, 1979) . Results suggest that seasonal changes in water temperature and density, driven by climate, are similarly important in tropical regions as in temperate ones. These changes define mixing periods together with input of light and energy that control balance between phytoplankton growth and loss. Even with lower amplitude of variation within 2002 (El Niño year), temperature seems to be the major factor determining: (i) occurrence and maintenance of water column stratification (Oct-Mar) with high stability of stratification, partial atelomixis, and relatively transparent water; and (ii) occurrence of water column mixing (Apr-Sep), when light availability is reduced (z eu :z mix ratio decrease) and nutrient availability is increased.
Roles and relevance of wind velocity and fetch in descending thermocline and in successional and vertical dynamics of phytoplankton have been explored on tropical ecosystems (Fabbro & Duivenvoorden, 1996; Bouvy et al., 2006) ; however, no direct studies of wind action relating to temporal and spatial distribution of phytoplankton have been done in Dom Helvécio Lake, yet. In our study, higher values of wind velocity coincided with periods of lower stability of stratification (Apr-Sep), and may have helped full mixing of the lake, but this is insufficient to establish a causal relationship. Dom Helvécio Lake is considered to be well protected from wind action because a dense secondary forest surrounds the lake and its dendritic shape shelters it from wind blowing from some directions (Henry & Barbosa, 1989) . Moreover, in the South-Eastern region of Brazil, circulation systems of polar anticyclone and subtropical anticyclone (southern Atlantic) have a dynamic equilibrium (Nimer, 1989) . This climate, according to Tundisi (1997) , influences vertical circulation of Dom Helvécio Lake seasonally, and is directly related to lower air temperatures of winter (dry) periods: a slow process of mixing starts in May, corrodes the thermocline, and cold masses during winter are accountable for surface cooling that produces isothermal conditions in July, as shown in Barros et al. (2006) . In fact, there was no difference of wind velocity in Rio Doce Park region between rainy and dry periods in 2002, therefore, it was concluded that primary driving force in seasonal physical structure of water column of Dom Helvécio Lake in 2002 was unlikely resulting from changes in wind velocities within the region, as also seen in Hambright et al. (1994) .
Desmids are usually dominant in plankton composition of Dom Helvécio Lake and because of their role it was pertinent to analyze their assemblages in detail. Establishment and dominance of desmids is dependent on the particular mixing pattern of Dom Helvécio Lake, atelomixis (Barbosa & Padisák, 2002) , and a new assemblage type, N A , is suggested according to this relation. Assemblage N A principally comprises small, ±iso-diametrical desmids (Cosmarium, Staurastrum, Staurodesmus and, moreover, Sphaerozosma sp. and Spondylosium sp., which occur in Dom Helvécio Lake largely as unicells as observed not only in Lugol-fixed samples but also in living ones). Other nonmotile green algae (especially chlorococcaleans) may also contribute, occasionally. Assemblage N A occurs in clear epilimnia of atelomictic lakes where daily mixing prevents species from sinking ultimately to the hypolimnion. More precisely, short doubling times of species (0.88-1.32 days was estimated in Barbosa & Padisák, 2002) together with diurnal resuspension may counterbalance sedimentary (and grazing) losses. Assemblage N A is tolerant to nutrient deficiency and mild light and is sensitive to deep mixing and low light. It is also sensitive to grazing because species have small cell sizes. Indication of grazing sensitivity may be that at onset of stratification (Oct-Dec) small, simple forms of desmids (Cosmarium spp.; Staurodesmus incus) were dominant and were gradually replaced by more complex (and, consequently, more grazing resistant) forms like Staurastrum spp. This pattern is similar to the one described in the PEG model (Sommer et al., 1986) where selection of increasingly grazing resistant forms is observable during stratified periods. ) from samples at 100%, 15% and 1% of incident light of Dom Helvécio Lake, South-East Brazil, in 2002 Differences in nutrient uptake efficiency of different desmids may also play role in replacements at speciesspecific level (Healey & Hendzel, 1988) . Finally, this key role of atelomixis on explaining desmids presence in other tropical systems has also been shown for Lake Carioca and for other lakes in the middle Rio Doce region, South-East Brazil (Barbosa & Padisák, 2002) , and for Lake Zirahuén, in Central Mexico (Tavera & Martínez-Almeida, 2005) .
Another feature of phytoplankton in Dom Helvécio Lake is presence of S2 and R assemblages that may comprise similar or even the same species of filamentous cyanobacteria (Lyngbya sp. that carries features of Limnothrix sp.-see morphological description in Reynolds (1997b) ; Planktolyngbya sp.; Spirulina sp.; and, in other years, Cylindrospermopsis raciborskii (see Padisák et al., 2003a) , a S N /R species, too). These species are shade tolerant and are dispersed in whole water column during isothermal periods, in Apr-Sep, therefore, they are typical representatives of S2 assemblage. When thermocline starts to develop, these filamentous cyanobacteria form a dense metalimnetic layer where they are persistent as deep chlorophyll maximum (DCM) until next event of full mixing, therefore, they fulfill description of R assemblage. Basic ground of qualifying a species to S2 or R assemblage is absence or presence of spatial segregation from assemblages in mixed layers.
Seasonal succession of phytoplankton assemblages observed in Dom Helvécio Lake, in 2002, can be best approximated by the sequence of codons:
which represents species that frequently coexisted and increased or decreased in biomass simultaneously. This dynamics matched with environmental changes and periods identified, generally characterized by onset of thermal stratification and abruptly terminated by onset of mixing (Reynolds, 1988) .
In summary, and according to ''rules of assembly'' agreed during IAP Workshop in The UK Reynolds et al., 2000) , environmental changes act selecting certain algal traits or attributes (Reynolds, 2000) and making use of assemblages of phytoplankton is an appropriate tool for monitoring ecological ) from samples at 100%, 15% and 1% of incident light of Dom Helvécio Lake, of Dom Helvécio Lake, South-East Brazil, in 2002 (distinct letters indicate significant statistical differences) Hydrobiologia (2008) 607:211-224 219 status of lakes (Padisák et al., 2006) , including tropical ones. In this sense, main representatives of N A (Staurastrum smithii, Cosmarium spp., Staurodesmus incus) and F (Botryococcus braunii) assemblages were selected because they possess advantageous adaptations to grow under stratification conditions either because they are favored by oligotrophy combined with partial atelomixis (Barbosa & Padisák, 2002) as the roughly isodiametric desmids, or due to anti-sinking strategies, as verified for large-sized green algae (NaselliFlores & Barone, 1998) . Dominant species during the dry period (Apr-Sep) are medium-large centric diatoms (Urosolenia longiseta), filamentous blue-greens (Lyngbya sp. and Planktolyngbya sp.), dinoflagellates (Peridinium inconspicuum and Gymnodinium sp.), and small spherical green algae (Chlorella sp.) that are associated to assemblages A, S2, L O , and X1; all tolerating mixing and light deficiency (Reynolds, 1993; Naselli-Flores, 2000; Nixdorf et al., 2003) and having (except for Chlorella sp.) a remarkable capacity for buoyancy regulation, for chromatic acclimation, for grazing resistance (Dokulil & Teubner, 2003) , or for being opportunistic (Melo & Huszar, 2000) .
Considering data as a whole, we could not only identify bottom-up controls of phytoplankton distribution but also top-down ones. On the one hand, density of rotifers (smaller organisms, generalists) was related to stratification periods when nutrient 
Labels according to : Padisák & Reynolds (1998) , Huszar et al. (2000) , Reynolds (2000) , Reynolds et al. (2002) , and Kruk et al. (2002) . See description of assemblage N A in discussion. Abbreviations of genus names: B., Botryococcus; C., Cosmarium; P., Peridinium; S., Staurastrum/Staurodesmus/Spondylosium; U., Urosolenia availability decreased and bottom-up control prevailed (Reynolds, 1988; Buzzi, 2002) favoring species that prefer oligotrophy with good light conditions and increased stability of stratification. On the other hand, copepods, mainly represented by Thermocyclops minutus (larger organisms, omnivorous), were associated with mixing period and with less available light, suggesting that top-down controls also influenced phytoplankton composition. Results indicated that compositional phytoplankton variations might have responded to enrichment in nutrients, light availability, and zooplankton pressure.
In conclusion, replacement of phytoplankton assemblages in Dom Helvécio Lake depends on physical factors that determine changes in mixing and light conditions followed by nutrient enrichment, especially phosphorus, and by zooplankton consumption, that might result in a cyanobacteria state maintenance. Results also corroborate functional assemblages approach as a valuable tool (Kruk et al., Fig. 5 Relative contribution (%) to total biomass of simple and complex shapes of desmids from samples at 100%, 15% and 1% of incident light in Dom Helvécio Lake, South-East Brazil, within two recognized periods: I (rainy months) and II (dry months), in 2002 (distinct letters indicate significant statistical differences) 2002; Padisák et al., 2006; Hajnal & Padisák, 2008) also when evaluating environmental changes of tropical water bodies; therefore, we suggest that it can be further used to assess quality of waters of the middle Rio Doce Lake District.
